Introduction
Yeast as an Organism for Genetic Studies
Yeasts provide a useful and versatile tool for studying genetic phenomena. The genetics of Saccharomyces cerevisia.e has been intensively studied for many years, and as a result considerable information has been accumulated. Excellent current and comprehensive reviews on the genetics of yeast are available (1, 2) , including one that is particularly directed toward studies of deleterious genetic effects of chemicals (3) . Yeasts are eukaryotic organisms and therefore contain a nucleus and cytoplasm containing various other differentiated organelles quite similar to other higher life forms (4) . The genetic apparatus consists of at least 17 chromosomes in the haploid S. cerevisiae identified by genetic mapping (5) . Thus the structural organization of the genetic information is analogous to that in other higher life forms. Equally important is the well-known life cycle in yeast which, genetically, provides for classical mitotic and meiotic functions such as those existing in differentiated cells of more complex multicellular organisms. Yeasts, as well as all higher life forms, contain extrachromosomal DNA which provides essential genetic in- formation exclusive of the classical Mendelian pattern. S. cerevisiae is a particularly well-suited organism for the investigation of this little understood phenomenon.
In addition to the basic biological nature of yeasts, a number of practical considerations make these organisms particularly amenable for studies of the potential effects of chemicals on genetic events. Yeasts are routinely handled by using standard microbiological techniques such as cloning, replica plating, and micromanipulation. They grow rapidly, having short generation times, on inexpensive culture media, permitting accumulation of more than 109 cells from a single Petri dish culture within 2-3 days. On such media yeast divide mitotically by budding, which results in single isolated cells; therefore, the chance of a genetic change going undetected is minimized. There are numerous genetic markers available, including biochemical lesions, repair functions, suppressors, and regulatory functions, many of which are useful for studying chemically induced genetic effects (1, 6, 7) . The organism can be cultivated as a haploid, permitting mutation induction studies unhampered by considerations of the dominance or recessive nature of the mutation. Stable diploids and even higher ploidy can be readily constructed for studies involving such events as mitotic crossing-over and gene conversion. The mitotic and meiotic cycles can be interchanged in diploid Saccharomyces merely by changing the culture conditions.
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In summary, yeasts -are practical and versatile organisms in which the effects of chemicals can be studied for their impact on the range of known genetic phenomena occurring in all eukaryotic life forms.
Some Current Concepts of Genetic Safety Screening
Geneticists interested in the problem of chemical mutagenesis have become increasingly aware that the metabolic activities in the animal have great impact on the fate of many potentially deleterious chemicals. Microorganisms apparently lack the requisite enzyme systems to metabolize many potentially genetically active compounds, and as a result such tests are negative. The issue has been clouded, therefore, by earlier studies involving microorganisms as the genetic indicator system.
In cases where the proximally active metabolites have been discovered, isolated, and then tested in microorganisms, they have been shown to cause genetic damage. Thus, in many instances, direct testing on genetic systems in microorganisms provides insufficient evidence to conclude that a compound is genetically harmless. Current methodology has brought us to the point where we can surmount these metabolic deficiencies in microorganisms. As indicated above, the genetically active breakdown product, if it is defined and reasonably stable, can be tested directly in the microorganism. Additional systems providing metabolic activity namely; (1) in vitro hydroxylation, (2) liver microsome preparations, and (3) host-mediated assays, will be described in this communication with special note to their applicability to S. cerevisiae genetic systems.
In our laboratories several specific lines of investigation are currently being pursued. These include forward and reverse mutation studies in haploid as well as reciprocal and nonreciprocal mitotic recombination in diploid S. cerevisiae. Since most of the chemicals whose genetic effects will be described in this paper are recognized carcinogens, the induction of deleterious genetic events in yeast may have relevance to the question to the mechanism of cancer induction.
In Vitro Genetic Assays
Qualitative Plate Tests: Forward and Reverse Mutation and Mitotic Gene Conversion A significant proportion of the chemicals currently being screened for genetic activity are tested in qualitative plate tests. Procedures have been described for the detection of lambda phage induction (8) reverse mutation in Salmonella typhimurium (9) and Escherichia coli (10) , and mitotic gene conversion and reverse mutation induction in S. cerevisiae (11) (12) (13) . Some serious limitations are associated with this approach to safety screening of chemical agents; for example, chemicals requiring metabolic activation prior to exhibiting genetic activity would appear negative in plate tests, as would compounds which have weak genetic activity. In addition, most of the systems in use have been built around the reversion of specific mutational alterations carried by the indicator organisms employed, which theoretically limits the types of compounds that can be detected in the assay to those capable of reverting the lesions in the indicator cells. Some technical modifications are being introduced in plate tests which should significantly increase their usefulness. These involve the utilization of hepatic drugmetabolizing enzymes for the potentiation of certain chemicals (14) , construction of highly sensitive indicator strains through alterations in their capacity to repair genetic damage or limit permeability of specific molecules (15) , and the development on nonrestrictive assays such as mitotic gene conversion (11) or forward mutation. An appropriate forward mutation test would permit the detection of all classes of mutagenic alterations.
A technique that we have been working with permits the detection of forward mutation at an arginine-specific permease locus in S. cerevisiae. A mutational block in this gene renders the cell resistant-to an arginine homolog, canavanine sulfate (16) . The two- The canavanine plates are then incubated for 5 days at 300 C and scored for the number of canavanine-resistant colonies.
The advantages of this method are that apparently both frameshift and base-pair substitution events can be detected (19) (22) , Ustilago (23), Drosophila (24) , and probably in mammals (25, 26) including man (27) . Many chemicals which are carcinogenic and mutagenic also induce mitotic crossing-over (28) (29) (30) (31) and gene conversion (11, (32) (33) (34) (35) (36) (37) . Thus chemically induced mitotic recombination can serve as an indicator of genetic damage (38, 11 c Forward mutation from canavanine-sensitive to canavanine-resistant in strain S288C.
d Reverse mutation in the met-auxotrophs S211 BPS (base-pair substitution) and S138 FS (frameshift).
eCompound requires testing medium to be adjusted to pH 7.0.
The potential result of mitotic recombination is the generation of a new genotype by exchange of genetic material between homologous chromosomes followed by appropriate segregation of the products of mitosis. homozygosity in all Ptfiree markers simul-volving alteration of a small number of taneously. nucleotide pairs within a single gene that A complete deAcription of the particular can generate a wildtyp-e allelat either of strain and the methods for its manipulation the two heteroallelic sites (36) . This results and handling have been extensively de-in the expression of a functional gene and scribed (29) (30) (31) . The details of the tech-the loss of the nutritional requirement. niques used to obtain the mitotic crossing-
The results presented in Figures 1-3 and over data presented in this paper are de- Table 2 compare the induction of mitotic scribed by Mayer (39) .
recombination in the strains D-3 and D-4 Mitotic gene conversion can be detected in under identical treatment conditions. Each strain D-4, a diploid strain of S. cerevisiae curve, except those for hycanthone and cyheteroallelic at the ade 2 and try 5 loci. clophosphamide, is the result of three indeThese alleles are stable and show low fre-pendent experiments. The hycanthone requencies of revertibility (33) . Both heteroal-sults ( Fig. 2 and Table 2 ) and the cyclolelic loci result in nutritional deficiencies phosphamide curves (Fig. 3) represent the (noncomplementing) prohibiting the cells results of two independent experiments from growing on either minimal or single each. Nonreciprocal recombination was assupplemented media. Mitotic gene conver-sayed at both the ade 2 and try 5 sites of sion is a nonreciprocal event, probably in-strain D-4 in all experiments. Since the re- In Vitro Hydroxylation System Dimethylnitrosamine (DMNA) and diethylnitrosamine (DENA) require conversion to alkylating agents for their activity, presumably through a mechanism involving an initial a-carbon hydroxylation followed by spontaneous dealkylation (52) (53) (54) (55) . Studies of aromatic amines indicate that they are carcinogenic only after metabolic conversion by a hydroxylation mechanism to active breakdown products (56). Preussmann (57) showed that aliphatic nitrosamines can be hydroxylated by an enzyme-free system that was originally developed by Udenfriend et al. (58) for the ring-carbon hydroxylation of aromatic compounds. Malling (59, 60) (63) (64) (65) (66) (67) , Mayer (68) demonstrated that the breakdown products of 1-NA and 2-NA formed in the Udenfriend hydroxylation system, but not the parent compounds, were mutagenic for Saccharomyces. More recently DMNA, DENA, 1-NA, and 2-NA breakdown products have all been shown to induce mitotic crossing-over in Saccharomyces using the Udenfriend hydroxylation system (39) .
The research presented in this communication is an extention of these above findings, including further studies on aliphatic nitrosamines and aromatic amines. The methodology has been previously reported (39, 61, 68) . Essentially, the procedures involve simply incubating the genetic indicator organism with the test chemical in the hydroxylation medium and removing cell samples at appropriate time intervals to assay for induced genetic events. Since the breakdown reactions require molecular oxygen, the effect of breakdown products can be measured in samples bubbled with 02 gas. Similar samples bubbled with N2 gas give results of testing the parent compound for genetic activity without breakdown.
Mitotic crossing-over was induced by DMNA, DENA, di-n-propylnitrosamine (DPNA) and di-n-butylnitrosamine (DBNA) in the Udenfriend reaction mixture in the presence of oxygen but not in the presence of nitrogen (Fig. 4) . Since the reaction requires oxygen (57, 58) , these results indicate that the parent compounds are inactive but that some breakdown products are the genetically active entity. It is also noteworthy (Fig. 4) (39) . The fact that they are not mutagenic (61) indicates that the nitroso group is essential for the genetic activity of DMNA and DENA. The induction of mitotic crossing-over by breakdown products of three aromatic amines, 2-aminobiphenyl, 4-aminobiphenyl, and p-toluidine are shown in Figure 5 . Again, only samples of compound in the Udenfriend reaction medium with oxygen give responses above control values. Survival in all samples was 70% or higher. Other aromatic amines, 1-NA and 2-NA, were previously shown to induce mutation (68) and mitotic crossing-over (39) in Saccharomyces with the Udenfriend reaction medium only after breakdown in the presence of oxygen. A representative sample of sectored colonies induced by 2-aminobiphenyl, 4-aminobiphenyl, and p-toluidine were cloned for their red and white portions. These were each tested for induced homozygosity of a flanking heterozygous marker on either side of the ade 2 gene. The simultaneous induction of homozygosity in these three markers was observed in the majority of samples, further indicating that induction of the red sectors by these chemicals was due to reciprocal crossing-over and not to mutation or gene conversion. Similar results have been reported for DMNA, DENA, 1-NA, and 2-NA (39).
In Vitro Liver Microsome Activation of Chemical Mutagens
Malling (69) demonstrated that the metabolites of DMNA could be formed by exposure of the compound to mouse liver Environmental Health Perspectives (14) have also used rat and human liver microsomes to activate chemical carcinogens in bacterial plate tests. The addition of liver microsomal enzymes to in vitro assays has not only proven to be a convenient technique to screen large numbers of chemicals for genetic activity but is also a potentially valuable method for quantitatively comparing the metabolic capacities of different species, or individuals within a species, to convert a given compound to its genetically active state.
We have developed an in vitro liver microsome assay in our laboratory and have been using both bacteria and yeast as indicator organisms. Chemical carcinogens and mutagens have been activated by microsomes obtained from several rodent and primate species. The system uses the 9,000 g supernatant from liver homogenates prepared in 0.25M sucrose. A single run is conducted in a 50-ml prescription bottle with a final volume of 1.8 ml. This includes the reaction mixture, test chemical, microsome fraction and the indicator cells. A typical test with DMNA and strain D-3 is shown in Table 3 . Pure 02 is blown into the bottle, and it is then incubated at 37°C for 60 min lying on its side to provide maximum exposure of the fluid to the 02. All dilutions and platings are the same as those used in host-mediated and normal in vitro tests.
The results of tests with DMNA and DENA are shown in Table 4 . Neither of these compounds are recombinogenic in vitro without metabolic activation. Table 6 were conducted in randombred Swiss Albino male mice with 3-hr exposure period. The peritoneal exudates from three mice were pooled before being diluted and plated. In current tests individual animals are analyzed and recorded indepen- Table 7 were obtained from analysis of individual animals. 
